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Spin entropy as the likely source of enhanced thermopower in NaxCo2O4
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In an electric field, the flow of electrons in
a solid produces an entropy current in addi-
tion to the familiar charge current. This Peltier
effect underlies all thermoelectric refrigerators.
The upsurge in thermoelectric cooling applica-
tions has led to a search for more efficient Peltier
materials and to renewed theoretical interest in
how electron-electron interaction may enhance
the thermopower Q of materials such as the
transition-metal oxides [1, 2, 3, 4]. An impor-
tant factor in this enhancement is the electronic
spin entropy, which is predicted [4, 5, 6] to dom-
inate the entropy current. However, the crucial
evidence for the spin-entropy term, namely its
complete suppression in a longitudinal magnetic
field, has not been reported to date. Here we re-
port evidence for such suppression in the layered
oxide NaxCo2O4, and present evidence that it is a
strong-correlation effect. The field suppression of
Q provides a rare, unambiguous example of how
strong interaction effects can qualitatively alter
electronic behavior in a solid. We discuss impli-
cations for the search for better Peltier materials.
In a thermopower experiment, a temperature gradient
−∇T drives the diffusion of charge carriers to the cooler
end of the sample. The charge accumulation leads to a
net electric field E which determines the thermopower
(or Seebeck coefficient) Q = E/|∇T | [7]. In conven-
tional metals, the flow of electrons induced by −∇T is
nearly cancelled by a parallel flow of holes, so that Q
is strongly reduced by the factor T/TF from the ‘nat-
ural value’ kB/e ∼ 86 µV/K, where kB is Boltzmann’s
constant, e the electron charge and TF the Fermi temper-
ature [7]. Moreover, as the currents are indifferent to the
spins, a longitudinal magnetic fieldH||−∇T has virtually
no effect on Q. In materials with strong electron-electron
interaction, however, the spin degrees are predicted to
produce a large contribution of the Heikes form [2, 4, 6]
Q→ µ
eT
= −σ
e
, (1)
where µ is the chemical potential, and σ (the entropy per
electron) equals kB ln(gsgc) with gs and gc the spin and
configuration degeneracies, respectively. From Eq. 1, the
enhancement to Q from spin entropy is of the order kB/e,
but it is suppressed to zero if the spin degeneracy is lifted
in a magnetic field (gs → 1).
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Terasaki, Sasago, and Uchinokura [8] recently reported
the discovery that Q in NaxCo2O4 (at 300 K) is ∼10
times larger than in typical metals, and suggested that
spin-fluctuations, as in heavy-fermion systems, may play
a key role. Despite Hall effect [8], heat capacity [9] and
nuclear spin-resonance [10] experiments, however, the en-
hancement in Q remains puzzling. Experiments have
not ruled out either strong-interaction theories involv-
ing spin configurations [11], or conventional interpreta-
tions based on small Fermi Surfaces [12]. By investigating
the thermopower and magnetization in both longitudinal
and transverse H , we show that NaxCo2O4 is in fact a
strong-correlation system in which the spin entropy term
accounts for virtually all of Q at 2 K and a dominant
fraction at 300 K.
In NaxCo2O4, the Co ions occupy the sites of a two-
dimensional (2D) triangular lattice. Chemical arguments
and band-structure calculations [12] show that the oxy-
gen 2p states lie far below the Co-3d states and the chem-
ical potential falls within the band formed from t2g states
in Co. Hence the electrons donated by Na ions are dis-
tributed among the Co ions, a fraction δ of which are in
the Co4+ state while the rest (1 − δ) are Co3+. From
x = 1.36 (determined by ICP chemical analysis of our
crystals), we find δ = 0.32. The variation of the sus-
ceptibilities χab and χc vs. temperature T (Fig. 1a) fit
accurately to the Curie-Weiss form ∼ (T+θ)−1, implying
the existence of large local moments that are antiferro-
magnetically coupled. The plot of 1/χab gives θ = 55± 5
K and a moment ∼ 0.87 µB averaged over all Co ions
(µB is the Bohr magneton). This experimentally con-
strains the Co4+ ions to be in the low-spin state with
spin S = 1
2
and moment
√
3µB, while the Co
3+ ions are
in their low-spin S = 0 state (Fig. 1c), in agreement with
Ref. [10].
The in-plane resistivity ρ displays a T -linear variation
below 100 K that is suggestive of strong-correlation be-
havior (dashed line in Fig. 1b). As noted in Ref. [8],
Q (open circles) increases with T to values much larger
than in conventional metals. However, it is the effect of
a magnetic field on Q that is the most telling. The pro-
nounced effect of an in-plane field H on Q is shown in
Fig. 2 (H|| − ∇T ). Stringent precautions against spu-
rious contributions to Q were adopted (see Supplemen-
tary Information). Even at moderately high T (30 K),
Q decreases significantly in a 14-Tesla field. Lowering
the temperature makes the field-suppression of Q more
pronounced, until at 4 K, Q changes sign and saturates
near 12 T to a ’floor’ value equal to -0.25 µV/K. With
further decrease in T , the floor value itself monotoni-
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FIG. 1: The temperature (T) dependence of magnetic and
transport properties of single-crystal NaxCo2O4 and elec-
tronic states in the Co ions. Panel (a) shows the T dependence
of the inverse susceptibilities χab and χc measured in a 5-Tesla
field applied in-plane and along the c-axis, respectively. In
Panel (b), the in-plane thermopower Q (open symbols) and
resistivity ρ (solid curve) are plotted vs. T . The T -linear
dependence of ρ below 100 K is indicated by the dashed line.
The inset (c) is a sketch of the low-spin t2g states in the Co
4+
and Co3+ ions. The hopping of a hole (arrow) is accompanied
by the transfer of a spin- 1
2
excitation.
cally decreases to zero. The trace at 2.5 K shows that
Q decreases monotonically to zero in a field of 8 T, and
remains at zero over an extended field range.
The strong effect of field on Q is also observed with
H||c (normal to plane), except that, above 6 K, we ob-
serve an additional term that produces an increase in Q
in weak fields. At 4.2 K, Q displays the same field pro-
file as above, but with a proportionately weaker decrease
(Fig. 3). As the sample is warmed to 10 K and higher,
the relative change in Q is initially positive in low fields.
At higher fields, the negative trend becomes again appar-
ent. The overall pattern in transverse field is consistent
with a positive contribution superposed on the term in-
trinsic to the spin degrees uncovered in the longitudinal
field.
The evidence that the H dependence of Q arises from
the spin degrees of freedom derives from both the trans-
port and susceptibility experiments. As an in-plane field
couples only to the spin degrees, but not the orbital de-
grees, the strong H dependence of Q in Fig. 3 must arise
from the effect of field on the spins. In the geometry with
H||c, we reason that the non-monotonic field dependence
of Q also arises entirely from the effect of H on the spin
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FIG. 2: The in-plane thermopower Q vs. an in-plane
H ‖ (−∇T) at selected T . At 4.4 K, Q asymptotes at high
fields to a negative floor value (−0.25µV/K). At the lowest
T (2.5 K), Q approaches a value unresolved from zero when
H exceeds 8 T. The applied temperature difference δT is less
than 0.3 K below 4 K, and 0.5 K above 4 K. By using phos-
phor bronze as the voltage leads, we have eliminated back-
ground contributions to Q (Supplementary Information).
degrees, as the carrier mean-free-path ℓ ∼ 100 A˚ esti-
mated from ρ is far too short to produce any orbital effect
in a field of 14 Tesla. Comparing curves at 4 K in Figs.
2 and 3, we infer that a similar decrease in Q requires a
c-axis field that is 1.4 times larger than the in-plane field.
The close agreement between this ratio and the ratio of
the bulk susceptibilities χab/χc at 4 K strongly suggests
that the field anisotropies in the magnetization and ther-
mopower experiments have the same origin. The field
suppression of Q is larger with the field in-plane com-
pared with the field along the c-axis because it is easier
to align the spins with an in-plane field. In conventional
metals, a longitudinal field merely changes the relative
populations of the spin-up (+) and spin-down (-) elec-
trons without significantly altering the entropy current
in each spin population [7]. The complete suppression
displayed in Fig. 2 is incompatible with a conventional
band picture.
We next discuss how the field suppression may be un-
derstood within a strong-correlation scenario. As shown
in Fig. 4a (insert), in the 2D triangular lattice of the
Co ions, a fraction δ = 1
3
are in the Co4+ state in which
S = 1
2
, while the rest are in the Co3+ state with S = 0
(the higher-lying eg orbitals are unoccupied). The el-
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FIG. 3: The relative change in Q versus a transverse field
H||c in NaxCo2O4. At 6 K and lower, Q decreases monotoni-
cally with H , but at higher temperatures, Q initially increases
in weak field before decreasing at larger H .
ementary charge transport process is the hopping of a
hole from Co4+ to Co3+ (Fig. 1c). A large on-site re-
pulsion excludes double-occupancy of a site by the holes.
Because this process converts the Co4+ (S = 1
2
) to a
Co3+ (S = 0) and vice versa, we also transfer a spin- 1
2
along with the hole, which implies a transfer of spin en-
tropy σ = kB ln 2 in zero field. The excitations are holes
carrying charge +1e and spin- 1
2
moving in a sea of Co3+
sites, which are magnetically and electrically inert. An E
field leads to the heat current JQ = nvkBT ln 2 as well as
the charge current J = nev (n is the hole concentration
and v the average velocity). As the ratio JQ/J (called
the Peltier coefficient Π) equals the product QT , we ob-
tain the spin-entropy part of Q given in Eq. 1. More-
over, because the spin-entropy current is in the direction
of the charge current, this contribution to Q is positive
(hole-like) as observed. As T decreases below ∼50 K
(the antiferromagnetic exchange energy JAF ∼ θ), the
spin entropy must decrease rapidly with incipient mag-
netic ordering to vanish at T = 0. When T ≪ θ, the
majority of the spins become antiferromagnetically cor-
related with their neighbors, leaving only a small fraction
T/θ to behave as free spins. In an E-field, this residual
population of free spins carries the spin entropy although
all the holes remain itinerant. This implies that the ra-
tio JQ/J decreases steeply below θ, consistent with the
observed behavior of Q in Fig. 1.
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FIG. 4: The suppression of the thermopower by an in-plane
magnetic field in NaxCo2O4. In Panel (a) the normalized Q
is plotted versus µ0H/kBT . Curves measured at various T
collapse to a universal curve. The inset in (a) shows the - 1
2
excitations in an inert background of Co3+ ions. Panel (b)
compares the curve at 2.5 K (solid curve) with the expression
in Eq. 2 (dashed curve).
In a magnetic field, the residual spin entropy σ(H) is
further decreased, eventually reaching 0 whenH is strong
enough to completely lift the 2-fold degeneracy. Model-
ing the residual free spins as non-interacting spins with
the Lande´ g-factor g, we calculate the field dependence
of the entropy as
σ(H,T )
σ(0)
=
ln(2 coshu)− u tanhu
ln 2
, (u =
gµBH
2kBT
). (2)
This dependence should apply to the component of Q
derived from the spin entropy.
As shown in Fig. 4a, the curves of Q in Fig. 2 between
2.5 and 25 K can be collapsed onto a universal curve
when plotted against the ratio H/T . Using the curve at
2.5 K (which extends to the largest u), we find that Eq.
2 provides a remarkably close fit if the g-factor is 2.2±0.1
(Fig. 4b). We view the close fit (achieved with a reason-
able g) as confirming evidence that the entropy current
observed in the thermopower indeed derives entirely from
the spin- 1
2
excitations, and the complete suppression of Q
reflects the removal of the spin degeneracy by the applied
field.
4We remark that, at each T , the observed Q is com-
prised of several distinct contributions. Application of
a strong longitudinal H completely suppresses only the
spin-entropy term, leaving the remaining terms unaf-
fected (the configuration entropy kB ln gc, for instance)
which are revealed as the floor value at high fields. In
Fig. 2, these terms amount to −0.25µV/K at 4.4 K and
rapidly vanish at lower T . We emphasize that the spin
entropy contribution toQ is not restricted to low T . Mea-
surements at high fields (30 T) show that Q is suppressed
by 20 % at 30 K. Assuming that, when T ≫ θ, the spin
contribution asymptotes to kB
e
ln 2 ∼ 60 µV/K, we find
that it constitutes ∼ 2
3
of the total thermopower at 300
K, accounting for most the enhanced thermopower.
The spin-entropy enhancement may be widespread in
the transition-metal oxides. A key ingredient inferred
from our measurements is the motion of charge tied to
local moments of spin 1
2
in a background of Co3+ ions
that are magnetically inert (diamagnetic). Among the
large class of cobalt oxides, the Co ions are nearly always
in their low-spin state. In the Co oxides that can be
made conducting, therefore, the thermopower is likely to
be dominated by spin-entropy terms, suggesting that this
is a promising class of materials to search for improved
Peltier materials.
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FIG. 5: (Supplementary information) The thermoelectric sig-
nal versus H with single-crystal La2−xSrxCuO4 (x = 0.17)
serving as the reference sample. At each T , the voltmeter
recording VG is H-independent and close to zero until H ex-
ceeds the vortex solid melting field Hm(T ) (∼30 T at 5 K).
At Hm(T ), VG increases abruptly reflecting the large ther-
mopower in the vortex liquid state. The flat behavior of VG
for H < Hm(T ) verifies that the thermopower of phosphor
bronze Qw is field independent at least up to Hm(T ). The
insert shows the closed loop 1-2-3-4-5-6 used in the derivation
of Eq. 3.
Supplementary Material
In high-field measurements of thermopower Q, there is
an important source of background contribution, namely
the thermopower Qw of the voltage lead at the warm end
of the sample. It is essential to determine separately the
field dependence (if any) of Qw. After testing several
candidate metals, we have found that phosphor bronze is
nearly ideal because its Qw is very small and shows no
measurable field dependence at 5 K up to 30 Tesla.
In a thermopower experiment, one end of the sample
(2) is held at temperature T + δT while the other end
1 is anchored at the bath temperature T . The E-field
generated by the Seebeck effect is determined from the
potential difference of the voltage leads electrically con-
nected to the two sample ends. However, the Seebeck
coefficient Qw of the voltage lead at the warmer end in-
variably contributes to the voltage reading. To see this,
we consider potential changes around the close loop 1-2-
3-4-5-6 (insert in Fig. 5). The voltage leads 23 and 16
are made of phosphor bronze while the long twisted pair
34 and 56 are made of copper. With VG = V4 − V5, we
have
−
∫ 2
1
dl · E −
∫ 3
2
dl · Ew −
∫ 4
3
dl · Ew′
−
∫ 6
5
dl · Ew′ −
∫ 1
6
dl · Ew − VG = 0, (3)
where Ew and Ew′ are the E-field in phosphor bronze
and in Cu, respectively. The 1st and 2nd terms are the
potential drops across the sample, and the ‘warm’ voltage
lead 23, respectively. The 3rd and 4th terms are the po-
tential drops along the long, twisted pair of copper wires
extending from the sample chamber to the preamplifier
at room temperature. The 5th term, the potential drop
in the ‘cool’ voltage lead 16, vanishes as nodes 1 and 6
are anchored at the bath temperature. In a carefully de-
signed apparatus, the 3rd and 4th terms cancel to zero.
However, the 2nd term can never be eliminated because
the same temperature drop δT falls across the sample
and the voltage wire 23, i.e. T3 = T1. Using E = Q∇T ,
and T = T2 − T1 in Eq. 3, we have
VG = (Q−Qw)δT. (4)
In high-resolution experiments, the field dependence
of Qw in the voltage lead material (phosphor bronze)
must be measured separately. Ideally, if Q is rigorously
zero up to the maximum H of interest, VG would just
equal -QwT . In an extreme type II superconductor, the
thermopower is strictly zero in a magnetic field if the
vortices remain pinned (in the solid state). We used an
optimally-doped crystal of La2−xSrxCuO4 (x = 0.17) in
which the melting field of the vortex solid Hm(T ) has
been studied extensively. For fields H < Hm(T ), the
voltmeter reading is then VG = −QwδT at each T . Hence
any field variation in Qw can be observed directly. Figure
5 shows that as H is increased, VG increases abruptly
at Hm(T ) reflecting the increase in Q. However, below
Hm(T ), the voltmeter reading is virtually independent
of H , confirming that Qw in phosphor bronze is field
independent (at least, up to Hm(T )) and very small at
these temperatures. With this test, we verify explicitly
that the field dependences shown in Figs. 2 and 3 entirely
derive from NaxCo2O4.
